The Chinese Taihu pig breeds are an invaluable component of the world's pig genetic resources, and they are the most prolific breeds of swine in the world. In this study, the genomes of 252 pigs of the six indigenous breeds in the Taihu Lake region were sequenced using the genotyping by genome reducing and sequencing approach. A total of 950 million good reads were obtained using an Illumina Hiseq2000 at an average depth of 139 (for SNP calling) and an average coverage of 2.3%. In total, 122 632 indels, 31 444 insertions, 44 056 deletions and 455 CNVs (copy number variants) were identified in the genomes of the pigs. Approximately 2.3% of these genetic markers were mapped to gene exon regions, and 25% were in QTL regions related to economically important traits. The KEGG pathway or GO enrichment analyses revealed that genetic variants assumed to be large-effect mutations were significantly overrepresented in 22 SNP, 56 indel, 26 insertion, 28 deletion and three CNV gene sets. A total of 343 breed-specific SNPs were also identified in the six Chinese indigenous pigs. The findings from this study can contribute to future investigations of the genetic diversity, population structure, positive selection signals and molecular evolutionary history of these pigs at the genome level and can serve as a valuable reference for improving the breeding and cultivation of these pigs.
Introduction
The Chinese Taihu pig breeds are the most prolific breeds of swine in the world. They are distributed mainly in a narrow region with a mild sub-tropical climate in the Taihu Lake region in the lower Yangtze River Valley of China. They are currently classified into six breeds (Meishan, Fengjing, Shawutou, Erhualian, Jiaxing Black and Mizhu) according to the most recently reported classification of Chinese indigenous swine breeds (China National Commission of Animal Genetic Resources 2011), and the Meishan breed can also be subdivided into two types (Small Meishan and Middle Meishan) (Zhang 1991) . Studies, such as genomewide association studies (GWAS) (Ai et al. 2014; Jung et al. 2014; Zhang et al. 2014; Xiong et al. 2015) and selection signature studies (Rubin et al. 2012; Li et al. 2014; Wang et al. 2014; Moon et al. 2015) , are now being widely performed on pigs to investigate the genetic mechanisms of complex traits at the genome level. However, the prerequisite for conducting those studies is to determine genomewide genetic markers. Additionally, surveying for genetic variation across genomes can be quite valuable for investigating genetic diversity and population structure (Ai et al. 2013) . Therefore, surveying for genetic variation can contribute to further research on the molecular mechanisms of pig evolution and domestication, and the findings of such a survey can serve as a valuable reference for improving the breeding and cultivation of Chinese Taihu pig breeds (Li et al. 2013; Ai et al. 2015) .
In our previous study, we identified genome-wide SNPs and investigated the genetic diversity and population structure (such as PCA, NJ-tree, STRUCTURE, F ST etc.) of Taihu pig breeds (Wang et al. 2015) . However, an original genome-wide survey of genetic variants other than SNPs (such as indels, insertions, deletions and CNVs) in Chinese Taihu pig breeds has not yet been conducted. For example, indels are one of the main forms of genomic variation and have received increasing attention; with the rapid advancements in sequencing technology, considerable progress has been made in the identification of indels (Mullaney et al. 2010; Li et al. 2014; Yan et al. 2014) . Indels have been reported to cause many common human diseases such as cystic fibrosis (Collins et al. 1987 ) and Huntington's disease (Ashley & Warren 1995) . Indels have also been found to be responsible for a number of traits and diseases of domestic animals such as plumage colour (Kerje et al. 2004 ) and sexlinked dwarfism (Agarwal et al. 1994) in chicken and carcass traits (He et al. 2010 ) and the double muscle trait (Grobet et al. 1997) in cattle. Studies in pigs have shown that an intronic insertion in KPL2 results in the immotile short-tail sperm defect (Sironen et al. 2006) and that a 51bp insertion in the TEX14 gene causes an infertility defect. Those studies indicated that other types of genomic variations, such as indels, have important effects on traits. Therefore, genetic variants other than SNPs, such as indels, should be studied in conjunction with SNPs to reveal the associations between genes and traits and to accelerate the identification of causative mutations. Furthermore, the characteristics of genetic variations (including SNPs) in Chinese Taihu pig breeds are still unknown.
Therefore, the objective of this study was to identify and characterize genome-wide genetic variations (including SNPs, indels, insertions, deletions and CNVs) in Chinese Taihu pig breeds using next generation sequencing (NGS) technology (i.e. GGRS: genotyping by genome reducing and sequencing).
Materials and methods

DNA sample collection and sequencing data preparation
A total of 252 samples from six Chinese pig breeds (Meishan, Fengjing, Shawutou, Erhualian, Jiaxing Black and Mizhu) were obtained. Detailed information about the samples as well as the methods of acquiring the raw Illumina DNA sequence data were reported in our previous study (Wang et al. 2015) . We aligned the reads to the pig reference genome (SGSC Sscrofa10.2, http://hgdownload. soe.ucsc.edu/goldenPath/susScr3/bigZips/) using BURROWS-WHEELER ALIGNER (BWA ver 0.7.5) ) with the default settings and the steps of the GGRS approach.
Genetic variation discovery
A total of 105 550 SNPs were detected in our previous study; thus, in this report we describe only the criteria of the other four types of genetic variants: indels, insertions, deletions and CNVs. The alignment results with mapping quality scores of <20 were filtered before the variants were called. The SAMTOOLS (ver 0.1.19) ) mpileup algorithm was used to call indels (short deletions and insertions), and only those with calling quality scores of more than 20 and lengths more than 100 bp that were identified in more than five samples were retained. The cn.MOPS algorithm (ver 1.12.0, with mode = unpaired and normType = mean) was used to detect CNVs (Klambauer et al. 2012) , and only those with a length of more than 1 kb that were identified in at least one sample and were not of the amphiploid form were retained for further analysis. To identify long insertions and deletions, we performed DELLY (ver 0.5.9) (Rausch et al. 2012) using paired mapping data and the following criteria: more than three paired-end supports, a length between 300 bp and 1000 bp, and a MAPQ (mapping quality) equal to or greater than 30.
Identification of breed-specific SNPs
Each SNP that passed the applied filtering criteria was analysed according to the information about the breed. A SNP was labelled as breed specific (Ramos et al. 2011) when it was detected in only one of the seven populations.
Function annotation
The Ensembl pig gene annotation set (Ensembl release 78) was downloaded from the Ensembl website (ftp://ftp. ensembl.org/pub/release-78/gtf/sus_scrofa/) (Flicek et al. 2013) . Variants located in start and stop codons and variants that caused frameshifts in exons were defined as large-effect mutations. The Gene Ontology (GO) categories and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichments for genes containing large-effect mutations were determined using the DAVID tool (ver 6.7) (Dennis et al. 2003; Huang da et al. 2009 ). Because the GO annotation of the pig is incomplete, corresponding human orthologous Ensembl IDs were retrieved to determine enrichment function categories using a PERL script. The enriched GO terms and pathways with P-values < 0.05 after correction for multiple testing [with a false discovery rate (FDR) of <25%] were considered to be statistically significant. Additionally, the pig QTL database (Animal QTL release 25) was downloaded from the Animal QTL database website (http://www.animalgenome.org/cgi-bin/QTLdb/ GG/index, updated Dec 29, 2014) (Hu et al. 2013 ). Although the current release of the pig QTL database contains 12 618 QTLs, not all of them are suitable for analysis because the length of some are too large for efficient post-processing. We removed QTLs with lengths >1 Mb and, when two or more QTLs overlapped by more than 50%, we merged them into one larger QTL. The merged QTLs were considered to be related to a trait if the origin trait type occurred one time (thus, the newly defined QTL might be related to several types of traits). The PERL script was used to conduct the above QTL-based annotations.
Data availability
All BAM data were deposited in the NCBI Sequence Read Achieve (SRA) under the Bioproject number PRJNA281578. The experiment number for the 252 pigs is SRX999959. Indel data have been submitted to dbSNP of NCBI (NCBI_ss1966414102 to ss1966531374) and insertions and deletions to dbVar of NCBI. Detailed information about the variants is provided in Table S1 . Phenotypic records related to reproduction and pedigree information have been uploaded to our website (http://klab.sjtu.edu.cn/ pigbreeds/).
Results
Sequencing and mapping summary
A total of 950 million good reads were generated by the Illumina HiSeq2000. After removing the primer/adaptor contaminated reads, the average phred score for each position was >20 (Figs S1a and S1b provide an example of the sequencing quality of a library). On average, approximately 3.8 million good reads were generated for each individual (Table S2) , and the number of average reads for individuals within a population ranged from 2.8 million (Jiaxing Black) to 4.4 million (Shawutou, Fig. S1c ). Information about the coverage and depth of the raw good reads for each individual are shown in Table S2 . The average depth of each population for SNP calling ranged from 8.89 to 23.59, with an average of 139 (Table 1 ). The average coverage of each population ranged from 1.2% to 2.9%, with an average of 2.3% ( Table 1 ).
Discovery of variants and their genomic distributions
A total of 122 632 indels, 31 444 insertions, 44 056 deletions and 455 CNVs were identified in Chinese indigenous pigs in the Taihu Lake region according to the above criteria (see Materials and methods). The distances between all pairs of adjacent SNPs are shown in Fig. 1a . The lengths of the indels detected in this study ranged from 1 to 5 bp, and the dominant indel length was a single base pair, accounting for 86.56% of all detected indels. The number of gain events detected was greater than the number of loss events detected (Fig. 1b) .
The results of the density distribution analysis for each chromosome showed that the SNPs were distributed in a non-uniform fashion (P < 0.001, chi-square test), whereas the indels, insertions, deletions and CNVs were distributed in a uniform fashion (P > 0.998, chi-square test). Chromosomes 18, 12 and 11 had the highest SNP densities, and chromosome 12 had the highest indel density (Fig. 2) . The two sex chromosomes had the lowest SNP and indel densities (Fig. 2) .
To further explore the distributions of variants in genic regions, we annotated all detected variants using the Ensembl gene set (containing 25 332 genes). The genomic location (intergenic, start or stop codon, exonic, intronic, or untranslated region) and functional role (frameshifting or non-frameshifting) for each variant were determined. In total, 37 484 (35.51%) SNPs (related to 7133 genes), 47 764 (38.95%) indels (related to 10 414 genes), 12 436 (39.54%) insertions (related to 4818 genes), 8645 (19.62%) deletions (related to 6071 genes) and 168 (36.92%) CNVs (related to 189 genes) were mapped to genic regions ( Table 2 ). The distributions of the variants in each type of genomic location are shown in Table 3 . Regarding the potential roles of indels in exons, the majority of them (3276, 98.85%) were nontriplet; thus, they were predicted to cause frameshift mutations. The remaining 38 indels were triplet (nonframeshifting). The indels in exons were located in numerous functional genes (2743, 10.83%), many of which (736, 26.83%) contained two or more exonic indels (Table S3 ).
Breed-specific SNPs and population structure
Among the 105 550 SNPs identified, a total of 343 SNPs were found to be putatively breed specific (Table 1) , meaning that one of the alleles was present in only one of the six populations studied. SNPs specific to Jiaxing Black were the most abundant, whereas Shawutou had the fewest number of breed-specific SNPs. We also investigated the genomic location distributions of the breed-specific SNPs and found that the majority of them (n = 210, 61.2%) were located in intergenic regions and that four (1.2%) were We also investigated the differences in the breed-specific SNP distributions between all breed pairs. The numbers of putatively breed-specific SNPs identified when comparing two breeds ranged from 15 407 (Mi and Erhualian) to 32 586 (Fengjing and Small Meishan) ( Table S4 ). The numbers of putatively breed-specific SNPs identified were the highest when comparing the Fengjing breed to any of the other breeds. This finding indicates that the Fengjing breed has genetic distances from all other breeds greater than the genetic distances between any two of the other six breeds.
To further explore the population structure based on the SNPs in different genic regions, we conducted principal components analysis (PCA) using GCTA (ver 1.24) . PCA revealed that, with the exception of the Erhualian and Mi breeds, the first two PC axes could clearly distinguish the pigs from each breed (including the two subdivisions of the Meishan, i.e. the Small Meishan and Middle Meishan) ( Figs. 3a,b ). This finding indicates that the Mi and Erhualian pigs are closely related. Interestingly, the SNPs in the genic regions ( Fig. 3a , including 37 484 SNPs) are more likely to distinguish the Jiaxing Black and Fengjing breeds in comparing the SNPs in the intergenic regions (Fig. 3b , including 68 066 SNPs).
Minor allele frequency distribution
First, we investigated the minor allele frequency (MAF) distribution of SNPs in the entire population of Taihu pig breeds. The distribution of the observed SNPs was skewed toward an intermediate frequency (MAF = 0.05-0.20, 67.04%, Fig. S2 ). Then, we surveyed the MAF distributions in each population and found that they were skewed toward lower frequencies (MAF < 0.05, range: 28.3-41.4%, Fig. S3 ).
Gene enrichment and function annotation
The KEGG pathway and GO analyses were performed on 1381 genes whose exons contained SNPs, 2727 genes whose exons contained frameshift indels, 715 genes whose exons contained insertions, 1046 genes whose exons contained deletions and 189 genes that overlapped with CNVs, and we assumed these genetic variants to be large-effect mutations. The KEGG pathway analysis revealed that the genes were significantly overrepresented in four, nine, three, two and zero pathways as related to SNPs, indels, insertions, deletions and CNVs respectively after FDR correction and that one pathway (hsa04510: focal adhesion) was significant in SNP and indel mutations (Table S5 ). The GO analysis results showed that 18, 47, 23, 26 and three GO terms were significant as related to SNPs, indels, insertions, deletions and CNVs respectively. The genes with SNPs were significantly enriched in the molecular functions of molecule binding (such as ion, tetrapyrrole, oxygen and carbohydrate binding) and as extracellular matrix structural constituents, whereas genes with indels were significantly enriched in a greater variety of molecular functions (such as molecule binding, transcription cofactor activity, enzyme activator activity, transcription activator activity and transmembrane transporter activity) than were genes with SNPs. Genes with insertions or deletions were significantly enriched in more types of molecular functions related to binding and enzyme activity. We also investigated the distribution of variants in quantitative trait loci (QTL) regions (Table S6 ). Based on our filtering criteria, a total of 2031 non-overlapping QTL regions were included in the analysis. In total, 25 414 (24.08%) SNPs, 30 890 (25.19%) indels, 7977 (25.37%) insertions, 11 308 (25.67%) deletions and 41 (9.01%) CNVs were located in the newly defined QTL regions. The number distribution of the variants and the related genes involved in five types of traits are shown in Table 4 . Furthermore, we conducted PCA based on the SNPs in the QTL regions related to meat and carcass quality and to reproduction traits to explore the population structure. PCA revealed that the Jiaxing Black and Fengjing breeds are more closely clustered in the term of reproduction traits ( Fig. 3d ; including 8077 SNPs) than they are for meat and carcass quality traits ( Fig. 3c; including 15 428 SNPs). This finding indicates that the relationship between the Jiaxing Black and Fengjing breeds are closer in terms of reproduction performance than in meat and carcass quality performance.
Discussion
In this study, we performed NGS on 252 Chinese Taihu pigs of six breeds to discover genetic variations and gain a comprehensive understanding of SNPs, indels, insertions, deletions and CNVs in their genomes. We surveyed the molecular and functional characteristics of five types of genetic variants, but we performed more analyses of SNPs than the other types of genetic variants.
Genetic variants discovery and NGS
To our knowledge, this is the first study to apply NGS (using the GGRS method with a design for sequencing a reduced representation of a genome) to the above-mentioned pig breeds. The merits of the strategy of sequencing a reduced representation of a genome include discovering and genotyping hundreds of thousands of markers across the genome at a greatly reduced cost compared to whole-genome resequencing and finding novel markers in the population being studied. Furthermore, this study was focused not only on identifying two common types of genetic variants (SNPs/ indels) using NGS data but also on detecting other types of genetic variants (such as insertions, deletions, copy number variants and inversions). This helps to comprehensively reveal the genetic variation characteristics of the population being studied and to enrich the genetic variation database. NGS approaches (similar to GGRS approaches) are currently widely used with agricultural animals, especially in large sample studies (such as GWAS) because they obtain a sufficient number of markers at a reduced cost compared to whole-genome resequencing.
Genotyping by genome reducing and sequencing confirmed that, although there are a few regional variations, in general, assigned reads for each individual are uniformly distributed across chromosomes (Chen et al. 2013) . Therefore, when approximately 2% of an individual's genome is sequenced, the results reflect the genetic variation characteristics of the population being studied. The good reads (removing primer/adaptor contaminated reads) used for detecting variants had an average phred score of >20 (at each position), and the average depth for SNP calling was 139, which allowed us to call variants with high confidence. Moreover, the accuracy of the detected structural variation can also reach a high confidence level by setting the least number of samples in which the same variant was detected (such as indel calling, for which the variant was detected in at least five samples) and the length of variants that can be reliably called by the used algorithm (such as the DELLY algorithm). For the pig population in this study, we identified and genotyped 105 550 SNPs, approximately 28% of which were newly discovered SNPs. This indicates that the identification of SNPs in pigs, or at least in Chinese indigenous pigs, is far from complete. 
Molecular characteristics
To determine the genetic molecular characteristics of Chinese Taihu pig breeds, we surveyed the number and density distributions of variants across chromosomes, the MAF distributions of SNPs and putatively breed-specific SNPs, and we found the following molecular characteristics. Firstly, the SNP density distributions were significantly nonuniform across chromosomes, but those of the other types of genetic variants studied were uniform across chromosomes. Chromosome 12 was found to have higher densities of both SNPs and indels than the other chromosomes, which indicates that relatively high genetic variation exists in chromosome 12. Additionally, investigating known genes (Ensembl release 78) and QTLs (Animal QTL release 25) showed that chromosome 12 has the highest gene density (18/Mb) and a relatively higher QTL density (7/Mb, Top 3) than do the other chromosomes. These results suggest that other researchers should pay more attention to chromosome 12 when studying pigs in the future. Secondly, the MAF of SNPs was skewed toward intermediate frequencies in the Chinese Taihu pig breeds. Because the MAF can affect the statistical power of some methods, such as GWAS (Park et al. 2011) , attention should be paid to selecting the proper method of MAF analysis based on allele frequency for future studies of Chinese Taihu pig breeds. Thirdly, the number of breed-specific SNPs was small when all Taihu pig breeds were included in the analysis, but the numbers of breedspecific SNPs identified when comparing two breeds to each other was large. These breed-specific SNPs will help to classify pigs with unclear identities into breeds. Moreover, population structures of Chinese indigenous pigs in the Taihu Lake region revealed by PCA using the SNPs in different genic or QTL regions exhibited similar relationships among the breeds. The Erhualian and Mi, Fengjing and Jiaxing Black breeds were closely clustered. These observations are reasonable considering the assumption that the breeds with geographically close origins likely shared common ancestors and crossbred with each other.
Functional characteristics
We performed gene and QTL mapping as well as gene enrichment and functional annotation analyses to better understand the functions of these variants. Firstly, the proportions of each type of variant located in genic and QTL regions were similar. For example, most variants (64.5-72.5%) were located in intergenic regions. For all types of variants, approximately 2.3% were located in exons and nearly 25% were located in QTL regions. The results help us to understand that the proportions of each type of variants are evenly distributed in QTL regions and indicated that the proportions of each type of variants that might have a function in affecting the traits were similar, though they appeared with different forms in the genome.
Secondly, a large number of genes were affected by frameshifting indels. Some genes were associated with pig reproductive traits. For instance, RGS12 is a regulator of Gproteins [important signalling molecules involved in a wide range of cell regulation activities, such as hormone signalling (Chatterjee & Fisher 2000) ] and is thought to affect ovulation rate in swine (Campbell et al. 2003; Gladney et al. 2004) . Dall'Olio et al. (2010) reported that the polymorphisms in the CXCL10 gene, which has a possible role in embryonic development and implantation (Kim et al. 2004) , are suitable markers for association studies of litter size in Italian Large White pigs. We suggest that indels identified in the CXCL10 gene might be litter size markers. We also found many genes involved in immunity. For example, the IRF7 gene, which belongs to the interferon regulatory factors family, is a crucial regulator of type I interferons and is involved in resistance to pathogenic infections (Ning et al. 2011) . Another example is the IFIT1 gene, encoding a molecule that functions both as a sensor and effector to inhibit the disease pathogenesis of several virus families (Diamond 2014) . Interestingly, the results of the KEGG pathway analysis showed that genes containing indels were significantly overrepresented in pathways related to disease (such as hsa05200:pathways in cancer and hsa05222:pathways in small cell lung cancer), indicating that indels are likely associated with disease susceptibility. Previous studies have shown that Meishan pigs have higher immunity and disease resistance than do pigs of other breeds (Duchet-Suchaux et al. 1991; Chen et al. 2010) . These findings indicate that indels may have an effect on reproductive and immune response traits in these pigs. Therefore, indels are another common type of genetic variation and should be incorporated with SNPs and CNVs to reveal the associations between genes and traits to accelerate the identification of causative mutations.
Thirdly, the different types of variants may have different functions in the genome. The enrichment analysis for genes containing large-effect mutations for each type of variant suggested that they are enriched in different GOs and pathways. SNPs were related mainly to adipose tissue. Indels were more related to disease. Both insertions and deletions were related to endocytosis, and CNVs were more related to nerve function. These findings might be the reason for the many outstanding economic traits of Chinese Taihu pig breeds, such as their delicious taste (which may be related to adipose tissue), high disease resistance and docile temperament (related to the nervous system).
In summary, we performed NGS on six Chinese indigenous pig breeds and discovered and identified a large number of variants across their genomes. The molecular and functional characteristics of these genetic variants were investigated. Many of the indels located in previously reported genes were related to reproductive and immune traits. Our results can be further explored in several other contexts, including investigations of genetic diversity, population structure, positive selection signals, molecular evolutionary history and the development of a national plan for the conservation and utilization of these breeds.
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